paper describes the results of a study to calculate the grade of service (COS) in a telephone network carrying two classes of trafic. When blocked, the higher class calls may preempt calls ofthe lower Class. Two preemption disciplines are considered in this study. They are the ruthless and friendly search preemption disciplines of channels on interswitch trunk groups. The results of a computer model agree very well with a proven network simulator. The CPU time to determine the network COS was reduced from hours to minutes.
description of the network. Only two classes of traffic are allowed (class 1 and class 2), with class 1 traffic being capable of preempting class 2 traffic. Both classes of traffic use the same routing plan. Two different preemption disciplines (ruthless and friendly) may be used in the routing of calls not finding an unoccupied channel on a trunk group.
B. Ruthless Preemption Discipline
In the ruthless preemption discipline, a class 1 call arriving at a link with all channels busy preempts a class 2 call using a channel on the link. The preempted class 2 call is considered to be lost and is cleared from the network. If no class 2 calls are using the link, the class 1 call tries an alternate link. If the class 1 call cannot find a channel either unoccupied or occupied by a class 2 call before it exhausts all alternate links, the call is considered lost and is cleared from the network. A class 2 call finding all channels on a link busy tries an alternate link until it either finds an unoccupied channel or exhausts all alternate links and is cleared from the network.
C. Friendly Preemption Discipline
In the friendly search discipline, a class 1 call arriving at a link with all channels busy tries to find an alternate path through the network to the destination. If it cannot find an alternate path, starting with the original link the class 1 call will preempt a class 2 on that link. If all channels on that link are occupied by class 1 calls, the call is considered blocked on that link and it then tries an alternate link. At this link, the same search discipline is repeated. If the call is blocked on all alternate links at that node, it is cleared from the network. A class 2 call arriving at a link with all channels busy tries an alternate link. If the call is blocked on all alternate links at that node, it is cleared from the network. Any preempted class 2 call is considered lost and is also cleared from the network.
This search discipline is presented diagramatically in Figure   1 . A call is attempting to use link k , I in going from node k to its destination (not necessarily node 1). A call not finding an unoccupied channel on link k , I would attempt to reach the destination through the rest of the network. Associated with the call is the probability fl that it will not find a path in the rest of network and will return to link k , I and attempt to preempt a class 2 call occupying a channel on the link. It can be noted that the ruthless preemption discipline is a special case of the friendly preemption discipline where 0 = 1.
D. Assumptions
This algorithm assumes that the network topology is known. That is, the number and location of the nodes of the network, the links and channel cross sections, point-to-point offered U.S. Government work not protected by U.S. copyright traffic loads, and routing plan (table) are all given. It also assumes that:
a. Traffic originates at the nodes of the network as a Poisson process.
b. The length of time required to serve a call can be described by a negatively exponential distribution, with both classes of traffic having the same mean holding time.
c. The network is in equilibrium. availability of channels on the links.
work. 11. NETWORK PERFORMANCE ALGORITHM The network performance algorithm is an iterative procedure which is derived from the work of Katz [ l ] . Each iteration consists of two steps which are described below.
The first step is the load assignment procedure, during which the offered traffic is distributed over the network (one source-destination pair at a time) using the routing plan and the link blocking probabilities computed at the last iteration. (Initially, these are set to zero.) By considering all source-destination pairs of the network, the offered load to each link of the network and the total traffic lost for all pairs are accumulated during the load assignment procedure.
The second step in the current iteration is to compare new estimates of the link blocking probabilities to those computed at the last iteration. These estimates are calculated using the equations developed in Section I11 below, and the traffic offered to each link during the load assignment step. In some cases, the dual-moment method described by Katz [ l ] is used to calculate link blocking probabilities.
If the new estimates are not sufficiently close to the computed values of the previous iteration, the load assignment procedure is performed again using the new values of link blocking. The algorithm converges when the link blocking probabilities computed from a set of offered loads are the same as those used to generate those loads. Typically, convergence requires from 7 to 10 iterations.
LINK LOSS CALCULATIONS
Equations describing the link loss probabilities for the ruthless preemption discipline have been developed by Helly [4] and Burke [ 51 . Furthermore, because the ruthless preemption discipline is a special case of the friendly preemption discipline (0 = l), only the equations describing the link loss probabilities for the friendly preemption discipline will be presented in this section.
For each class of calls, it is desired to determine the probability that a call from that class will be lost on the link. Let Ql and Q2 be the random variables representing the number of class 1 and 2 calls, respectively, using the link. Assume the link has s channels. The loss probability for class 1 calls, PLl , is :
The first part on the right hand side of this equation represents the situation where the class 1 call does not find an unoccupied channel on its first search of the link and finds another path through the network to the destination. The second part of the equation represents the situation where the call returns to the link and attempts to preempt a class 2 call, but finds that all channels are occupied by class 1 calls.
The loss probability for class 2 calls, PL2, is:
where p1 and p2 are the class 1 and 2 offered loads, respec-
tively.
The first part of the equation represents the situation where all channels are busy. The second part represents the probability that a class 2 call is preempted. In this part, Pr{Ql + Q2 = s} -Pr{Ql = s} is the probability that all channels are busy and that there is a class 2 call using a channel. This probability multiplied by the amount of class 1 traffic returning to attempt to preempt class 2 traffic, p10, is the amount of class 1 traffic that preempts class 2 traffic. This quantity must equal the amount of class 2 traffic that is preempted. Therefore, this quantity divided by the amount of class 2 traffic offered to the link is the probability that a class 2 call will be preempted.
In order to use equations (1) and (2), Pr{Ql + Q2 = s}, Pr{Ql = s}, and fl must be evaluated. Assume there are s channels on the link and that calls from the two classes arrive at the link in accordance with two Poisson processes with parameters X1 and Xi, corresponding to classes 1 and 2. The holding time for each class of traffic is assumed to be the same and 'exponentially distributed with mean l/p. If p n = h,/p, n = 1, 2 and Pi,j = Pr(Ql = i, Q2 = j } , then the steady state equations for Pi,j are f o r i = 0, 1, . e . , s -1 a n d j = 0, 1, -* , s -1 -i: One may then use equation (4) to obtain s -1 equations in these unknowns. These equations were solved directly by an iterative method. to a link containing s channels. It can be seen from equation (6) that the steady state probability that the number of calls on the link, k , does not depend upon 0, and hence, the total carried load, CL, is also invariant under 0 and is given by
B. Determination of
Since the exact solution was too time-consuming for use in the DCEC computer program, an approximation was developed for determining Ps,o = Pr{Ql = s}. The accuracy of this approximation is discussed in detail in reference [7] . By examining numerical results computed using the exact solution,
Ps,o appears to be quadratic in 0 and, thus, can be approximated by where C,, C , , and C2 are constants to be determined. 
D. Determination of 0
Recalling that p represents the probability that a class 1 call returns to the original link after searching all alternate links and finding them blocked, one can show that where A is the set of alternate links available to the switch under consideration, p i @ ) is the class i load on the kth link, and sk is the number of channels on the kth link, B [ . , -1 is the blocking probability on the line. Note that 0 should be directionalized; that is, calls from, say, node k to node 1 would ordinarily have a different p than calls going from node 1 to node k.
IV. IMPLEMENTATION IN ALGORITHM

A. Implementation
The implementation of the link loss equations in the DCEC Voice Network Model was a straightforward exercise in computer programming. However, two special actions were taken during its implementation. First the value of 0 for each link was calculated over all source-to-destination pairs rather than individually for each source-to-destination pair. This was done to simplify programming and to decrease the program execution time. Second, the dual moment method described by Katz [I J was used for the class 1 traffic with the ruthless preemption discipline. The single moment model described in section I1 is inaccurate when the network Grade-of-Service (COS) is less than 0.05 which is usually the case only with the class 1 traffic. This inaccuracy is caused by the inability of the Erlang Loss Equation to accurately predict blocking probabilities when the traffic offered to the link is nonPoisson tandem and overflow traffic. Class 2 traffic usually has much higher blocking and the dual moment method is not generally required. The dual moment model has not been implemented for the class 1 traffic with the friendly preemption discipline. However, a "peakedness factor" developed by increasing the amount of tandem traffic offered to a final link by 5% seemed to give good results when the single moment model was inaccurate.
The term COS used in the above discussion was defined in this study to be the probability of loss (PL) for the network. As discussed previously in section 111, a call may be lost from the network in two ways: (1) a call may be blocked within the network by other calls or ( 2 ) preempted by a call of higher class within the network. Since class 1 calls cannot be preempted the network COS for class 1 calls would be the probability that class 1 calls would be blocked within the network. For class 2 calls, the network COS would be the same as the PL since class 2 calls can be preempted as well as experience blocking.
B. Perfonnance
The accuracy of the DCEC Voice Network Model with Preemption was studied for both the ruthless and friendly preemption disciplines. For each preemption discipline, five event-by-event computer simulation runs (each using a different random seed) were performed for three different network configurations representative of the Pacific, Continental United States (CONUS), and European AUTOVON. Next, using the traffic data from the simulation runs as input to the DCEC Voice Network Model with Preemption, the network and switch-to-switch COS'S were estimated by the model for each configuration. The 95% confidence intervals for the network and switch-to-switch GOS's obtained from the computer simulation runs were computed using Student's t distribution. The switch-to-switch GOS's estimated by the model were then compared to the average switch-to-switch GOS's for the five computer simulation runs, and the number of switch-toswitch estimates from the model which fell within the confidence interval for the computer simulation runs was determined. Figure 2 compares the results obtained from the AUTOVON simulator to those obtained from the analytical model for the ruthless preemption search discipline. Agreement between the simulation and the DCEC Voice Network Model with Preemption was excellent. Use of the dual moment model was required to achieve satisfactory agreement between the simulation and the analytical results in the case of the class 1 traffic in the CONUS and European networks. Figure 3 compares the results obtained from the simulation to those obtained from the analytical model for the friendly preemption search discipline. Agreement is generally good for the three networks examined. The inaccuracy present in the single moment model at low blocking can be seen from the results for class 1 traffic in the CONUS network. Only 32% of the source-to-destination COS estimates were within the 95% confidence interval of the simulation results. The "peakedness factor" described above was used for the analysis of the class 1 traffic for the European network and 82% of the sourceto-destination COS estimates were within the 95% confidence interval. This is a marked improvement. The class 1 blocking in the Pacific network was high enough that the single moment model correctly estimated the source-to-destination COS'S. The CPU time to determine the performance of the full CONUS AUTOVON configuration (60 switches) using the unmodified Voice Network Model for a single class of traffic (5000 erlangs) is about 10 to 12 minutes. Since the Voice Network Model with Preemption may be viewed as two unmodified models running sequentially, one for class 1 traffic and the other for class 2 traffic, the CPU time for the Voice Network Model with Preemption for the full CONUS AUTO-VON configuration should be no more than twice that of the unmodified model or 20 to 24 min. Alternatively it would not be unreasonable to estimate that the corresponding eventby-event simulation would require about three CPU hours. Hence,. one can see the substantial savings attainable with the analytic model.
A comparison which was made between ruthless and friendly preemption disciplines shall be discussed next. The network COS for class 2 calls as a function of the class 1 traffic offered to an 11 switch network is presented in Figure 5 for both preemption disciplines. Some 134 erlangs of class 2 traffic was offered to the n e t w o r k which contained 441 channels and 31 interswitch trunk groups (links). As might be anticipated intuitively, Figure 5 shows that the network COS for class 2 calls under the friendly discipline would be better (less numerically) than the network COS under the ruthless discipline. (The network COS for class 1 calls was better than .01.) The network COS for friendly preemption will not necessarily always be better than that for ruthless preemption as might be implied from Figure 5 . . The probability of preempting a class 2 call under the friendly discipline would always be less than or equal to that under the ruthless discipline. However, at higher class 1 traffic levels it has been observed that more class 2 traffic experiences blocking and hence the network COS for class 2 calls become worse (greater) under the friendly discipline than under the ruthless discipline.
VI. CONCLUSIONS
An analytical model has been developed that allows the performance to be estimated for a nonhierarchical, circuit-switched network with two classes of traffic where one class of traffic is capable of preempting the other. Two preemptive search disciplines, friendly and ruthless, are allowed. The DCEC Voice Network Model with Preemption was found to agree very well with a proven network simulator and allows analysis of telephone networks with preemption in a timely and accurate manner. 
INTRODUCTION
C
IRCUIT-switched communication networks enjoy wide use in telephony. Neglecting local traffic, the operation of these networks can be described briefly as follows. If a source party, a "caller," at one node wishes to speak with a destination party at another node, this is signaled to the network control. Prior to any transmission, the control then attempts to reserve a route of trunks (channels) connecting the caller to the destination party. If the attempt is successful, the route is handed over to the caller and the call is established or carried. If the attempt is unsuccessful, the caller is turned away from the network and the call is termed "lost." The most commonly encountered measure of the performance of a circuitswitched network, is the average network loss probability or grade of service, pL. This is the probability that a caller, attempting to access the network, is turned away. pL depends upon a number of different factors, specifically, the network topology, offered traffic, link capacities and the routing doctrine employed.
In this paper an algorithm for estimating pL is given.
Although this subject has been previously addressed in the literature (e.g., see Ref.
[ 1 ] ), the present algorithm has several attractive features. First of all, it is easily implementable in software and computationally efficient compared to other known algorithms. Consequently, it can be readily used as part of an interactive design procedure. Secondly, as will be shown later, it provides an estimate ofFL which is reasonably close to the actual value. The deviation of the estimate from the actual value usually places it on the high side of this value. Hence, the estimate provides an upperbound to the actual pL. It is thus reasonable to use it in judging network performance from a conservative viewpoint. Finally, the algorithm assumes an extremely general routing discipline. All of the commonly encountered routing schemes such as Originating Office Control, Progressive Routing, Fixed Routing, etc., are special cases of this routing discipline. In particular, it does not assume that first offered and overflow traffic are handled by separate types of links.
NOMENCLATURE AND TERMINOLOGY
The usual nomenclature and terminology associated with Graph and Teletraffic Theory will be used in the sequel.Nwil1 represent the set of nodes of a communication network. These will be identified by integers from 1 to NN, that is, N = { 1, 2, NN}. A directed link from node "i" to node "j" will be represented by the ordered pair (i, j ) . Each directed link in a network is composed of a number of trunks. Each trunk is a voice channel, capable of supporting one voice conversation between the nodes terminating the link. The Erlang B formula will be denoted by E(s, a) . It is the probability that a link is blocked given that it is composed of "s" trunks and has an offered load of "u" Erlangs, [ 2 ] .
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